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FLIGHT INVESTIGATION OF THE ROLL REQUIREMENTS FOR TRANSPORT
AIRPLANES IN THE LANDING APPROACH

Euclid C. Holleman and Bruce G. Powers
Flight Research Center

INTRODUCTION

The most critical part of a transport airplane flight mission is the approach to
landing, where precise bank angle control is required to properly aline the airplane
with the runway. Several studies have been conducted to investigate the roll require-
ments for transport airplanes (refs. 1 to 4) using different airplanes and simulation
facilities. These studies have defined the roll requirements adequately for current
approach speeds (120 knots to 140 knots), but little has been done to assess the effect
of approach speed on roll requirements. As a result, the NASA Flight Research Center
used the variable-stability JetStar airplane, referred to as the general purpose airborne
simulator (GPAS), to investigate the transport roll requirements as a function of
approach speed. The use of the variable -stability airplane provided a wide range of
parameter variation and an actual in-flight control task for the pilot. Because this was
the first program in the approach condition for the GPAS, the tests at the conventional
speeds also provided a direct comparison with the well-documented results of previous
studies, thus establishing confidence in the GPAS approach simulation.

Normal approach patterns were flown with instrument guidance that provided a
61-meter (200-foot) lateral offset to the runway centerline. At a selected breakout
altitude the pilot began a visual correction to the runway. At about 15 meters (50 feet)
altitude a go-around was initiated. Variables of the study included approach speed,
pilot' s control wheel force and deflection characteristics, roll damping, and roll control
power. This investigation is an extension of the study of reference 5, which considered
roll requirements for transport airplanes during cruising flight.

SYMBOLS

Physical quantities in this report are given in the International System of Units (SI)
and parenthetically in U.S. Customary Units. The measurements were taken in Cus-
tomary Units. Factors relating the two systems are presented in reference 6.

e roll-rate error, deg/sec

e(p roll -angle error, deg

Fo lateral wheel force, N (lb)

L5a dimensional roll moment due to aileron control,

rad/sec2/rad of control



roll rate, deg/sec

commanded roll rate, deg/sec
model roll rate, deg/sec
maximum steady-state roll rate, deg/sec

yaw rate, deg/sec
Laplace operator, per sec
time, sec

time to bank 30°, sec
sideslip due to gust, deg
aileron deflection, deg

commanded aileron servo deflection, deg

maximum aileron deflection, deg or rad

rudder deflection, deg

control -wheel deflection, deg
maximum control -wheel deflection, deg
standard deviation

roll time constant, sec

bank angle, deg

commanded bank angle, deg
model bank angle, deg

bank-angle change in first second, deg

bank-angle change in first 2 seconds, deg



EQUIPMENT AND SIMULATION

The general purpose airborne simulator is a Lockheed JetStar transport airplane
with a model-controlled variable -stability system installed to provide simulation capa-
bility. The general layout of the airplane is shown in figure 1, and a block diagram of
the principal components of the model -controlled system is shown in figure 2, The
evaluation pilot's control inputs are routed to the airborne analog computer through the
artificial -feel system. The computer is programed with the equations of motion to be
simulated. For this investigation the equation used in transfer-function form was
simply
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where
Pgs = LﬁaéaTR

Model response is compared with that of the JetStar, and the difference signal actuates
the JetStar control surface to minimize the error. Roll rate and attitude were used as
the control loops. With sufficiently high control-loop gain, the error was small and
the computer model dynamics were reproduced closely by the JetStar airplane. The
gains were:
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In addition to the model-following mode of simulation, a low-gain feed forward command
from the pilot's control wheel to the aileron was used to give immediate response. This
mechanization resulted in negligible delay in commanded roll response and good model
following, as illustrated in figure 3(a).

A model was not mechanized for sideslip. A yaw-rate feedback of Gr/r =0.5 sec-

ond was used to damp sideslip, and a 0.2-gain aileron-to-rudder interconnect
((Sr/ﬁa = -0.2) was mechanized to minimize yaw due to roll control.

The basic JetStar longitudinal dynamics were controlled in pitch by the pilot. The
airplane's natural frequency for a normal approach in pitch was approximately 1.8 rad-
ians per second, and the damping ratio was approximately 0.5. These longitudinal
dynamics were rated satisfactory during previous handling-qualities programs and did
not detract from the roll evaluation.



Because some of the flights had to be made in turbulence, the bank-angle response
to a sideslip disturbance was calculated as an indication of the effects of the GPAS
model -following system on the turbulence response of the basic JetStar. The results
are shown in figure 3(b) as a function of amplitude ratio and frequency. The GPAS
system reduces the bank -angle response to turbulence at the low frequencies, but at the
high frequencies the GPAS response is nearly identical to that of the basic JetStar. In
the region near the Dutch roll natural frequency (1.3 rad/sec) some reduction in ampli-
tude is obtained with the GPAS system. Because most of the piloting task was lateral
maneuvering and concerned the frequencies in the range of the Dutch roll natural fre-
quency, it would be expected that the turbulence response of the GPAS would be similar
to that of the basic JetStar.

Controls

Transport airplane controls and displays were used by the evaluation pilot, who
occupied the left pilot station (fig. 4). The controls for this station were disconnected
from the airplane control system, and the pilot "flew' the model on the analog computer
of the simulation system through an artificial -feel system. The artificial -feel system
was an electrohydraulic control system designed to provide the capability of simulating
a wide range of control system characteristics. Applied force was detected by strain
gages which commanded hydraulic servo position which, in turn, moved the control
wheel to correspond to the applied force. The control position can be a function of pre-
selected force gradients and nonlinearities; however, for these tests no breakout or
hysteresis was simulated.

Control wheel deflection limits and force gradient were varied during the program
for pilot evaluation. The wheel force gradients used are shown in figure 5. The force
gradient increased to a high value, limiting wheel deflection to the desired values.

Guidance

Pilot guidance was provided by the flight director display which was driven by an
uplink signal generated by a radar -tracking computer system. With this system the
airplane was tracked and guided in the landing approach pattern. On the final approach
leg of the pattern, the airplane was guided down a 3° glide slope 61 meters (200 feet)
offset but parallel to the runway. The pilot flew by reference to the instruments to the
selected breakout altitude, which was changed as a function of approach speed. A
visual correction was made to the runway centerline while descending from breakout
altitude to a minimum altitude of about 15 meters (50 feet). At the minimum altitude
a go-around was initiated to set up for the next approach. Eight to 10 approaches were
made on each flight.

Data-Acquisition System
For each flight, 18 parameters were recorded on a 50 -channel oscillograph. A
7-cps filter was used to attenuate high -frequency noise on the recordings. A 14-channel

tape recorder was used to digitize some of the same recorded quantities. Analog compu-
ter model and JetStar responses, as well as pilot inputs and selected model control

4



system parameters, were recorded. A 12-channel direct-writing oscillograph was used
for in-flight analog computer and GPAS-following checks. Pilot comments were re-
corded with a voice tape recorder.

GENERAL PROGRAM

The primary effects considered on the piloting task were wheel force and deflection
characteristics, maximum steady-state roll rate, roll time constant, and approach air-
speed. In the initial phase of the program, two pilots made approaches with control
wheel deflection limits of £30°, +45°, and +60° and with wheel force gradients of 1.1,
1.6, and 2.2 newtons per degree (0.25, 0.37, and 0.5 pound per degree) of wheel travel.
Maximum commanded roll rate was constant at 12 degrees per second, and roll mode
time constant was 0.7 second. During the final flight of this part of the program, the
pilots selected wheel characteristics for use in later parts of the program.

In the second phase of the program, approaches were evaluated over a range of max-
imum steady-state roll rates of 3 degrees per second to 24 degrees per second with a
roll mode time constant of 0.7 second and over a range of roll mode time constant of 0.7
second to 5.0 seconds with the steady-state roll-rate capability maintained at 18 degrees
per second. Approaches were made at 140 knots indicated airspeed (typical for the GPAS)
and at 180 knots indicated airspeed. Three pilots participated in this part of the program.

Approaches were also made at 70 knots and 120 knots indicated airspeed with a
light, twin-engined airplane to extend the effect of approach speed results to lower air-
speeds.

The primary part of the pilot evaluations occurred during the correction for the
offset to the runway after '"breakout.'" However, evaluations were made during the
downwind leg of the approach pattern during both visual and simulated instrument flight.
Instrument flight evaluations with the pilot hooded were continued during the base and
the final legs of the approach pattern. Approximately 80 percent of the approach evalu-
ations were made in smooth air. The others were made in light or light-to-moderate
turbulence (pilot's assessment) caused by winds in the test area. The pilots indicated
that they did not believe that the level of turbulence significantly affected the evaluations.

The pilot evaluation questionnaires used for each phase of the program are pre-
sented in tables 1 and 2. The pilot rating scale used is presented in table 3. The
evaluation procedures generally followed the suggestions in reference 7.

RESULTS AND DISCUSSION

The most significant results from this program were obtained from pilot evaluations
and ratings of airplane roll flying qualities. Although evaluations were made during
flight using outside visual references and instrument cues, the correction for offset to
the runway after ""breakout' was the most important basis for the evaluations. Flying
qualities for transport operations only were considered.



Control Wheel Characteristics

The initial evaluations were designed to determine the control wheel characteristics
desired by the pilots for the approach control task. Approaches were made in smooth
air and in turbulence judged by the pilots to be light-to-moderate with various combina -
tions of wheel deflection limit and force gradient. The wheel characteristics evaluated
were varied randomly. Most approaches were made at an indicated airspeed of 140 knots
(normal for the JetStar); however, several were made at 180 knots. Airplane roll mode
characteristics were Pgg = 12 degrees per second and TR= 0.7 second. These values

have been predicted to be just satisfactory for transport airplane roll response.

Pilot responses to the questionnaire (table 1) on the roll control characteristics are
summarized in figures 6(a) to 6(g). The characteristics considered to be most generally
satisfactory for one-hand operation in the approach were wheel force gradients of
1.1 newtons per degree to 1.6 newtons per degree (0.25 pound per degree to 0. 37 pound
per degree) and deflection limits of 45° to 60°. These characteristics were most com-
fortable to the pilots for approach maneuvering and were most compatible with airplane
response. Typical pilot comments are presented in the appendix.

Overall pilot ratings of control wheel characteristics were also obtained and are
summarized in figures 7(a) and 7(b). From these data the most satisfactory wheel
characteristics appear to result from a force gradient of 1.1 newtons per degree
(0.25 pound per degree) with deflection limits of at least 45°. During one flight the
pilots were asked to select the most desirable wheel force gradient. Both pilots select-
ed greater than the nominal optimum gradients; however, the pilot ratings were rela-
tively insensitive to wheel force gradient in the range from 1.1 newtons per degree to
1.6 newtons per degree (0.25 pound per degree to 0. 37 pound per degree). The suc-
ceeding parts of the program were flown using the wheel force gradients selected as
being most desirable, and a 60° wheel deflection limit.

Roll Mode Characteristics

Effect of p__.— Approaches were also made with several levels of steady -state
SS

roll rates available to the pilot. Three pilots made approaches at indicated airspeeds of
140 knots and 180 knots and with a roll time constant of 0.7 second. The results of the
pilot questionnaire (table 2) are summarized in figure 8. A minimum steady -state roll
rate of 12 degrees per second appears to be required for satisfactory control of approach
for either approach speed.

The results are also presented in terms of pilot ratings in figure 9. Average values
of pilot rating for the three pilots are presented. As expected, the pilot ratings tend to
summarize the comments given in the questionnaire. No significant effect of approach
speed per se is noted, except possibly at the lowest roll -rate capability (discussed in
more detail later). As will be shown, there was rather wide variability in the lowest
roll-rate -capability data at the lower approach speed, so the difference shown is not
significant. It is indicated that a roll rate of 5 degrees per second would be acceptable
(pilot rating less than 6.5) under emergency conditions.

Figure 10 compares the roll control used to that available during approach for the
range of roll rate covered. For the 0.7 time constant data nearly all the roll rate
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available at the lower Pgq values was used by the pilot; whereas at levels of Pyq rated

to be satisfactory only about half the roll control capability available was used. From
the additional roll time constant data, it is apparent that the pilot attempted to compen-
sate for the long roll time constant by commanding larger roll control deflections.

These same data are presented in figure 11 in terms of the maximum roll accelera-
tion used compared to that available. The data show that more roll acceleration was
used when more was available. During the offset maneuver, an important consideration
was the ability to stop the roll maneuver as well as to start it. Thus for the low roll
control capability available, the pilot was reluctant to use as large an input as he would
have liked because he was not sure he would be able to stop the bank angle when desired.
As a result, the roll control capability used decreased as the roll capability available
decreased. A roll control capability margin was maintained to Pgs = 3 degrees per

second, the lower limit of the tests, where all the available roll control capability was
required to perform the offset maneuver.

Figure 12 presents the pilot ratings for the maximum roll acceleration commanded
by the pilot for the various roll time constants investigated. A roll acceleration of
0.12 radian per second? or greater was satisfactory with a satisfactory roll time con-
stant. Pilot ratings rapidly became unacceptable with decreased roll control accelera-
tion, whether the decreased roll acceleration resulted from low roll acceleration or
from a long roll time constant. During an approach, the pilot may not be able to wait
for the roll acceleration with a long roll time constant.

Effect of 7 R’ —With a level of steady-state roll rate of 18 degrees per second,

approaches were made at indicated airspeeds of 140 knots and 180 knots with a range of
roll time constants from 0.7 second to 5.0 seconds. Pilot response to a questionnaire
(table 2) is summarized in figure 13. For both approach speeds the roll response was
not acceptable with roll time constants greater than 1.5 seconds, and roll damping at a
time constant of 1.5 seconds was less than desired. Similar trends are noted from the
pilot rating data shown in figure 14. Only time constants of 1 second or less were
satisfactory; however, time constants as large as 3 seconds were acceptable. The
effect of approach speed on pilot rating was not significant, as will be discussed later
in more detail.

Comparison of Pilot Ratings With Criteria Parameters

Bank-angle response. —Accurate control of bank angle is more important during
approach than in any other flight region, with the possible exception of takeoff. There -
fore, the data were converted to the bank-angle change achieved in 2 seconds for sum-
mary comparisons. (Bank-angle-response-in-2-seconds more nearly describes the
airplane response than the control system response, as bank-angle-change-in-1-second
might.) Comments on the preciseness of bank-angle control were requested on the
pilot questionnaire, and overall pilot ratings were obtained. Average pilot ratings of
bank-angle change in 2 seconds for the three pilots are presented in figures 15(a) and
15(b). The vertical lines indicate the variation about the mean pilot rating (+1 standard
deviation). These data indicate that the pilots downgraded roll response more for roll
time constant than for level of roll rate. Comparison of the data for the two approach
speeds shows no significant differences attributab'- ~  airspeed.




Comparison with previous work. — The results from several studies of roll control
requirements are compared in figure 16 in terms of bank-angle change in 2 seconds.
The results are for satisfactory roll time constants, 0.7 second to 1.0 second. Included
are results from two flight programs during which actual approaches were made
(refs. 1 and 2), one cruise flight program (ref. 5), a simulation program (ref. 3), and a
summary study of transport handling qualities (ref. 4). The results of the present
investigation are in general agreement with those from one of the flight programs
(ref. 1) and the summary study (ref. 4). There is somewhat poorer agreement between
the present results and the results of the other flight program with a jet transport air-
plane (ref. 2). Tests utilizing a moving base simulator (ref. 3) indicated that much
higher roll rates would be required; however, these tests included simulated light-to-
moderate turbulence which would increase the roll-rate requirements. Surprisingly,
the results from the cruise flight program (ref. 5) indicate that somewhat higher roll
response was desired for cruise than for approach.

Selected comparisons of the referenced results and the results of the present tests
are presented in figures 17(a) to 17(e). Good agreement between the results of the
present study and those of reference 4 is shown (fig. 17(a)) for the satisfactory range of
pilot ratings. In general, the results from the simulated approach study (ref. 3) support
the present results in the higher pilot rating (unacceptable) range; however, in the
satisfactory pilot rating range the simulation results indicate a requirement for more
roll control capability than the present flight tests indicated (fig. 17(b)).

The results of reference 2 and the present study are compared in figure 17(c). At
low roll control capabilities, the present study results indicate a requirement for con-
siderably more bank -angle ~change capability than indicated by the referenced results.

Comparing the present results with the Military Specification (ref. 8) for transport
airplanes (fig. 17(d)), the requirements for roll time constant agree well; however, roll
control in terms of time-to-bank-to-30° (fig. 17(e)) indicates wide differences in the
Military Specification requirements and the present results. The present results indi-
cate a much greater tolerance to low roll control power than required by the Military
Specification. Neither considered the effect of turbulence on roll control.

Analysis of the Sidestep Maneuver

Effect of approach speed. — Although, as indicated, approach speed did not affect
the evaluation of roll handling qualities, there was a minimum time required for correc-
tion for the offset to the runway. Approaches were made first at 140 knots indicated
airspeed. With a breakout at an altitude of 61 meters (200 feet) from a 3°-glide -slope
approach, correction to the runway could be made before the 15-meter ~ (50 -foot -)
altitude guideline selected was reached. This approach allowed 12 seconds (fig. 18) for
the correction maneuver along the 3° glide slope. It was reasoned that the time required
to decrease altitude from 15 meters (50 feet) to touchdown would be allowed for flare to
touchdown.,

The pilots indicated that ample time for the correction to the runway was available
at the 140 -knot approach speed on a 3° glide slope.

Approaches were also made with the same conditions at an indicated airspeed of



180 knots. At this approach speed it was apparent from pilot comments that there was
insufficient time to satisfactorily complete the approach maneuver. Therefore, the
breakout altitude was extrapolated from 61 meters (200 feet) for the approach airspeed
of 140 knots to 76 meters (250 feet) for the approach airspeed of 180 knots (fig. 18).
This allowed the same time for correcting for the offset to the runway as was allowed
at an indicated airspeed of 140 knots. The pilots indicated that the higher breakout
altitude allowed satisfactory time for correction to the runway at the higher speed.
Therefore, the remainder of the approaches at 180 knots indicated airspeed were made
with a breakout altitude of 76 meters (250 feet).

To extend the results to lower speeds, approaches were made at 120 knots and
70 knots with a light, twin-engined airplane. The approach glide slope was 3¢, and the
offset for correction was 61 meters (200 feet), the same as for the other tests. The
15-meter (50 -foot) altitude for maneuver completion was maintained, and the breakout
altitude was selected to allow the same time for maneuvering during the approach. The
breakout altitudes were 40 meters and 55 meters (130 feet and 180 feet) for the approach
airspeeds of 70 knots and 120 knots, respectively. Pilot comments indicated that the
selected approach conditions provided satisfactory time for correction for a 61-meter
(200 -foot) offset to the runway during approach.

Comparison with predicted results. — Data from some of the approximately 100
approaches made during the program were recorded for analysis. From these records,
estimates of the time required for the offset correction were made by noting the time
that bank -angle change was started and the time that the airplane returned to near-level,
zero-roll -rate flight. No actual ground track recordings were made to verify that the
offset correction was 61 meters (200 feet). Reliance was placed on the guidance system
and the safety pilot's judgment. Only the sidestep maneuvers made with satisfactory
roll characteristics ('rR =1.0 sec and Pgg =12 deg/sec) were selected for comparison

with the requirements of reference 9. Data for 140 -knot and 180 -knot approaches are
presented. No effect of approach speed was evident.

The actual maximum roll control used during the offset correction (fig. 19) shows
that decreasing roll control was used for increased time to correct for the offset
during approach. Most of the times were somewhat greater than the nominal expected.
The maximum roll rate and bank angle used were also noted (figs. 20 and 21) for the
offset correction times. These results are compared with the roll-rate and bank-angle
requirements (ref. 9) for continuous sinusoidal correction maneuvers for 61-meter
(200-foot) offsets to the runway. Little or no correlation with time for the correction
is obvious. The variable-stability airplane used for these tests was not cleared for
touchdown with the systems operating, so no actual landings were made. In many
instances the pilots appeared to use less roll rate and bank angle than had been predic-
ted to be required by the reference. This indicates that either the correction may have
been for less than a 61-meter (200-foot) offset, or the maneuvering was not sinusoidal -
like and greater distance along the runway was accepted by the pilot. The pilots did use
lower rates and bank angles for the final correction to the runway. This was not sur-
prising, in that the airplane was at lower altitude during the final correction and the
pilot was perhaps wary of using large rates and attitudes near the ground and therefore
accepted longer times.



CONCLUDING REMARKS

An in-flight evaluation of transport roll characteristics in the approach was made
with the JetStar variable-stability airplane. Three ~degree -glide -slope approaches
were performed at indicated airspeeds of 140 knots and 180 knots to investigate the
effects of variations of wheel characteristics, maximum roll rate, and roll time con-
stant.

Satisfactory wheel force gradients were found to be less than 1.6 newtons per degree
(0. 37 pound per degree) for one-hand operation in the approach. Satisfactory wheel
deflection limits were 45° to 60°.

Pilot ratings of satisfactory were obtained for maximum steady -state roll rates
greater than 12 degrees per second and roll time constants less than 1 second. Pilot
ratings of acceptable were obtained for maximum steady-state roll rates greater than
5 degrees per second and roll time constants less than 3 seconds.

For a 3° glide-slope approach, speed had no significant effect on the results if the
time allowed for the offset maneuver was adequate. A satisfactory time to perform a
61-~meter (200-foot) lateral offset was approximately 12 seconds.

Flight Research Center,
National Aeronautics and Space Administration,
Edwards, Calif., May 17, 1972.
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APPENDIX

TYPICAL PILOT COMMENTS ON WHEEL CHARACTERISTICS

For an evaluation at 140 knots in smooth air with a maximum deflection of +60° and
a force gradient of 1.3 newtons per degree (0.29 pound per degree), the pilot comments
were:

"The wheel force gradient was definitely acceptable. Maximum deflection was
acceptable also. It was 60°. I did not have occasion to use full control during the
approach, but you could use full control comfortably. You could control with one hand.
I flew with one hand during the approach, and it felt comfortable and safe. The controls
were compatible with airplane response. There was no tendency to overcontrol or in-
duce oscillations. The available roll rate was just a little low. That was the only thing
that would require improvement. The pilot rating of the controls was 3.5."

For an evaluation at 180 knots in light turbulence with a maximum deflection of
+45° and a force gradient of 1.1 newtons per degree (0.25 pound per degree), the pilot
comments were:

"The wheel force gradient was a little light, but the maximum deflection was
acceptable. Iused only maximum control when testing for the maximum. The control
compatibility with airplane response was not too bad. There was no overcontrol tend-
ency. The control characteristics did not detract from airplane control. They may
have helped in the light turbulence with the light gradient. Control with one hand was
safe and comfortable. Overall, the controls were acceptable for a transport. For
improvement, increase the wheel force gradient slightly. Pilot rating was 3.0."

11
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TABLE 1.~ QUESTIONNAIRE FOR WHEEL CONTROL CHARACTERISTICS

OBJECTIVE: Define wheel force gradient and deflection limits
for a jet transport.

1. Was wheel force gradient acceptable ?

2. Was maximum wheel deflection acceptable?

3. Could full control be used comfortably ?

4, Were controls compatible with airplane response?

5. Was there any tendency to overcontrol?

6. Did control characteristics detract from airplane handling ?
7. Was control with one hand comfortable, safe?

8. Was overall roll control acceptable for a transport?

9. Any recommended changes for improvement?

10. Pilot rating




TABLE 2. —QUESTIONNAIRE FOR ROLL-RATE REQUIREMENTS AND DAMPING
OBJECTIVE: Define the roll-rate requirements for a jet transport
during approach.

Evaluate roll resulting from aileron only.
Rudder is available for emergency.

1. Ability to roll to and stop precisely at desired bank angle.
2. Any overcontrol tendency ?

3. Was roll rate available satisfactory ?

4. Could all roll rate (full wheel) be used?

5. Was roll damping acceptable ?

6. Any objectionable lag in roll response ?

7. Was overall roll response acceptable for transport approach?

8. Pilot rating of roll response.
9. Improvements recommended.

10. Was the time for offset correction acceptable ?

14



*suol}ipuod bujAuedwodoe
Yim saseydqns Joypue aseyd Jubily jo uoyeubisap saajoAul uoijesado padinbad jo uoliuad,,

=] suoisioap joi14

o1 uoledado padinbau jo uoljod suwos $a19U121j9p Jolew Kioyepuew ¢ 9]qe[|o4u0d
Burinp 1s0] aq ||im |043U0) Juswanoadu| IR
[04}L0D UiB)ad 0}
6 padinbaJ s uonesuadwod jojid asuayu| s8ouala1jep Jofew
U3 WaA0J ;
[043UG) 10} [ H w aw ? Ewowo _mfe_ﬁm__ﬁ_mc_m e
8 | paJinbau si uorpesuadwon 10;1d a|qeJapISu0) $a1oualolyep Jolew a4inba. |qelajo} B Yiim ajqeutey
sa19U31213q aouewJoylad
uolysanb uj jou Ay1{iqe|jo53uo) ajenbape s|
i *uopjesuadwod jo;1d 8jqedajo) Wnwixew $alouaioljap Jofew
Y}iM 3jqeule}le Jou aouew.oyiad ayenbapy
0 uoljesuadwon jo[1d $310Ua|21J8p a|qetajo}
aAIsU n
ISUd)Xa saJdinbad aouew.o)iad ayenbapy 1NQ a|qeuol}dalqo Aap Juswanodduwy e wenoId]
uoljesuadwod jojid ajqesapisuod salaualoLap ’
g U jueliem Jnoyum A1opoejsiies
saJjinbaJ asuew.oyiad ayenbapy a|qeuolydalqo Ajajelapopy $319Ua19143Q 1S
b uojesuaduwos jojid $812UB191Jap o ’
9jedapow satinbaJ asuew.Jo)lad pauisaq buifouue ynq Joulw
SAA
¢ aouewJopad paJisap $910U3124Jap jueseajdun
Joj padinbau uoljesuadwod jo|1d jewiuly AIpjiw awos - Jieq
, aouewJoyIad padisap saloualdlyap a|qibijbaN
Joj Jojoe) B Jou uojjesuadwod 1014 poo9
. aouew.oyiad paJisap ajqedisap AJybiH
410} 10}08} B J0U UoljesUadwod Jo0i1d JUd[[89x3
buneu uolyedado paainbal Jo yse) paydaas ul
: : ! : Solstdajoeae do paJinbaJ 4 foenb
il 014 L) Uo SpUBWA( 135143)0RIRYD }JRIIIY xUonesado paainbal 1o ysey pajoalas 4oy Aoenbapy

(L 39 WO¥ d) A'TVOS HDNILVY LOTId — ¢ ATdV.L

15



*I0jBINWIS SuI0qIT® 9sodind [ea1susl oy} dn aEW YOoIYm SWIISAS pUe IBISIOL 9Y) JO INOLeT

waysAs 994

*T 9an31 g

SOAJ3S 82041NS

16



sh

aue|diie
1B1S38r

IER
uoJa|ly

"Wa)sAs pPaf[0IU0D-[9POUW SYJD 93 Jo weaderp yoo1d ‘g oandig
ES
% | Y
M
Q
Y T, [
Q
japow
- Jopndwod | || wayshs | o
umo audoglly | Mg [984 My
da
e
Qm
U
- %d Wy

lojid

17



GPAS

20

e o —— — —— —
— - — .
—

p, deg/sec

40V——

@ deg 20 —

t, sec

(a) Satisfactory roll model following.

Figure 3. Example of model following in roll by GPAS and calculated response to side-
slip disturbance.
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GPAS with model following

— — — — Basic Jetstar

30 —

20 —

L L]
1 1
Frequency, rad/sec

(b) GPAS and basic Jetstar response to sideslip disturbance.

Figure 3. Concluded.
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o 140 knots

O 180 knots

Good — a Qm m
m
Poor | D a)

Very difficult O—M | l l |

5 10 15 20 25
P, deg/sec

(a) Question 1: Ability to roll to and stop precisely at desired bank angle.

Satisfactory @D an m
w o
Unsatisfactory | o | | |
0 5 10 15 20 25
P, deg/sec

(b) Question 3: Was roll rate available satisfactory?

Yes @ @ o
o
No | | om | am | o
0 5 10 15 20 25

Pss, deglsec

(c) Question 4: Could all roll rate (full wheel) be used?

Acceptable ap Qs an

Unacceptable | 1 | |
0 5 10 15 20 25
Pgs, deg/sec

(d) Question 7: Was overall roll response acceptable for transport approach?

Figure 8.
table 2.

30

T

Summary of pilot comments on roll rate variations from questionnaire of

R™ 0.7 second.



Indicated

airspeed,
knots
o 140
1l — O 180
21
3 I
4 —
5 -
Pilot rating
6 —
7 —
8 I —
9 |—
10 I | | I I 1
1 2 4 6 10 20 40
Pss, deg/sec
Figure 9. Average pilot ratings of roll-rate characteristics. 7. = 0.7 second.

R
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1.0

Wused

Wmax

Figure 10.
offset corrections. 140 knots and 180 knots indicated airspeed.
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| | | | J
5 10 15 20 25
Pgs, degisec
Ratio of maximum control used to maximum control available during the



A
A\ Maximum available
3
Ls 6
6a a
rad/sec2 _- -
e
2 - \—Maximum used
_ -~
7~
1 —
| | | | ]
0 5 10 15 20 25

Pgs, deg/sec

Figure 11. Comparison of the maximum roll acceleration used during the offset correc-
tion to that available as a function of steady-state roll rate. 140 knots and 180 knots indi-
cated airspeed; TR = 0.7 second.
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Tp, SeC

Pilot rating

.4 1 9 A
Lg. 65 , radisec
a 9max

Figure 12. Pilot ratings corresponding to the maximum values of L(\3 0
4 "max
during the offset maneuver. 140 knots and 180 knots indicated airspeed.
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O 140 knots
Good (%) ¢ o o

o 180 knots
Poor & an o
Very difficult ' m | @ J
A 1 4 10
TR, Sec

(a) Question 1: Ability to roll to and stop precisely at desired bank angle.

Satisfactory B ® *® o
o

| &8 |
' 4 10
T, Sec

Unsatisfactory '4 [ 8-

(b) Question 3: Was roll rate available satisfactory?

Acceptable — s W o
@
Not acceptable | o | I
A 1 4 10
T, S€c

(c) Question 5: Was roll damping acceptable ?

Acceptable ® @ )

Not acceptable y I @ L m® |

1 4 10
Tp, Sec

(d) Question 7: Was overall roll response acceptable for transport approach?

Figure 13. Summary of pilot comments on roll time constant variations from question-
naire of table 2. Peg = 18 deg/sec.
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Pilot rating

o 140 knots
O 180 knots

10

T, Sec

10

Figure 14. Average pilot ratings of roll damping characteristics. Pgg = 18 deg/sec.
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A  Present tests
— — — Reference 4

NN
AN
\ Satisfactory \Un satk Unacceptable

factory

NN
AN NN
LESaﬁ‘a‘m;x' 4 = \ <6A \ \

rad/sec \ A2.8
3.6

\\A4.6 \ \

N
_/
64 \ ’
1 — \ A6.7 I
7.54 \
~_ A8.3
™ | | | |
1 4 1 4 10

TR, Sec

(a) Bisgood (ref. 4) proposed criterion.

Figure 17. Comparison of the results of the present tests with referenced results.
140 knot and 180-knot data combined.
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Y7 A Presenttests >~ N AN
— — — Reference 3 \\ N N
N\ N\ N\
AN N\ N\
\ 3.5 N\ 5 \ 6.5
\ \ \
\ \ \
N \ \ \
N \ \ \
b N Voo
~ . .
~ Pilot rating / \ |
\ N / I I
AN ~ 2.5 / /
\\ ~= _ 7 / |
Ls 0 6a T /
ba Amax’ .4 - S 2.6 // /
rad/sec? N T~ 3.6 A2.8 e /
N o - /
~ o Ad6 Pl
S~ ~ _ ”~
64 —— —— — -7
1 — A6 T
7.54
AB.3
o I l 1 J
1 A 1 4 10
TR' sec

(b) Simulator results of reference 3.

Figure 17. Continued.
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Pilot rating
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A Present tests
— — — Reference 2

¢), deg

(c) Results from reference 2 flight program.

Figure 17. Continued.



Pilot rating

A Present tests
_ _] Reference 8

Level 1

N

Level 7

Level 3_,

10

TR, S€C

(d) Military Specification 8785B (ref. 8).

Figure 17. Continued.
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Pilot rating

44

A Present tests
! — J Reference 8

Level 1

Level 2

il teve3
| l ] |

0 2 4 6 8 10
ty .30, sec

(e) Military Specification 8785B (ref. 8).

Figure 17. Concluded.
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Ls, B

rad/s ec2

Figure 19.
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.28

.24

.20

.16

12

.08

O Maximum used

o 0
o)
o
o
o)
o}
o
o)
8
o}
o} o
Nominal time to 61 m (50 ft)
/_
| | ] |
10 12 14 16

Time for offset correction, sec

18

20

Maximum roll power and time used during the offset correction maneuver
with satisfactory roll characteristics.



o Maximum used

20 —

/— Reference 9

16 —

12 —

p, deg/sec

,— Nominal time to 61 m (50 ft)

0 [ | | | | |
8 10 12 14 16 18 20
Time for offset correction, sec

Figure 20. Comparison of maximum roll rate used during the offset correction
maneuver with the predictions from reference 9.
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o Maximum used

20 —

@ deg 12 — o

/— Reference 9

4 — . .
Vau Nominal time to 61 m (50 ft)

0 l | | | | |
8 10 12 14 16 18 20
Time for offset correction, sec

Figure 21. Comparison of maximum bank angle used during the offset correction
maneuver with the predictions from reference 9.
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